There are numerous aspects and questions related to the use of composite materials for primary structures in aircraft where the structural integrity is the most important factor. This is especially true if the main concerns are that the material should have good reliability and durability for the primary structural application. Composite laminates are highly sensitive to out-of-plane failure due to their low inter laminar fracture toughness. An alternate method to increase the damage resistance is through three-dimensional fibrous reinforcement such as through-the-thickness stitching with a single fiber as the thread. Recent studies have shown that the stitching of standard laminates can enhance damage tolerance to levels obtainable with toughened resin systems. However, for next-generation aircraft, material improvement alone is not enough to assure or increase the safety and reliability of the structure. Continuous damage monitoring during operation will become an important issue in aircraft safety. Embed ding fiber Bragg grating (FBG) technology into the composite structure as strain sensors could potentially solve the above problem because the FBG can be used to detect and characterize the damage before it reaches a critical stage. The model used to represent this problem is a 6 × 6 Vectran stitched carbon/ epoxy laminate under tension loading, and the real-time monitoring using the FBG strain sensors is combined with acoustic emissions that were conducted during the test. A numerical laminate theory using a rebar element and first-ply failure criterion is performed to determine the preferred area on the specimen for the placement of the FBG before manufacturing and testing. Experiments are presented to determine the damage growth that was quantified with an ultrasonic (water immersion) c-scan. In this research, the FBG successfully detected and characterized the damage in the carbon/epoxy stitch laminate caused in tension loading cases. The FBG is enhanced with acoustic emission data and can quantitatively predict the damage growth.
Introduction
The use of composite materials in the aerospace industry has increased in the past three decades due to their strength-to-weight benefit. Composite airframes in commercial transport were progressing such that it was expected to have wings made entirely of composites before 2000, all-composite fuselages after the year 2000, and entire airframes made from composites around 2010. Unfortunately, the progression in the usage of composites did not meet these expectations due to failure complexities that created difficulties in the certificate phase, even though the trend in transport aircraft size and flight range has been steadily increasing; for example, the Airbus commercial plane as shown in Figure 1 . Failure in composites is not only influenced by the type of loading but also by the fiber properties, the resin properties, the stacking sequence of the plies, the residual stresses, and environmental degradation. Failure is initiated at the local level in an individual ply or at the interface between plies, but ultimate failure in multi-directional laminates may not occur until the failure has propagated to several plies. However, the stresses in each ply depend on the modulus of the ply and vary discontinuously through the thickness of the laminate. Thus, describing the failure of the laminate as a mean stress averaged through the thickness of the laminate is therefore only accurate for a particular lay-up. The prediction of failure in multi-directional laminates usually requires the determination of strains and stresses for each ply in the material axes for the ply. Ultimate failure is then predicted by monitoring the progression of failure through the laminate. Different types of failure need to be assessed when evaluating the strength of a laminate, including matrix cracking, splitting, and first ply failure [1] [2] [3] [4] .
The prediction of through-thickness failure has proved to be more difficult. This transverse failure occurs in the matrix and is a failure of the resin in either shear or tension. It depends on the total state of stress or strain in the matrix, including the stresses introduced by the manufacturing of the component [5] [6] [7] [8] . It is important to improve the safety and reliability of composite materials with complex failure mechanisms. One improvement method is to embed FBG strain sensors during the manufacturing process that can be used to monitor the damage caused to the composite during operation. Another improvement method is to increase damage resistance with three-dimensional fibrous reinforcement such as the through-thickness stitching with a single fiber as threads illustrated in Figure 2 . The main concept of the fiber Bragg grating (FBG) implementation in a composite structure is to mimichuman neural networks. The Bragg wavelength (λ B ), which is reflected, is defined by the Fresnel reflection according to the following relationships (illustrated in Figure 3 ) [9, 10] :
where Π is the effective refractive index of the grating in the fiber core and Λ is the grating period. Additionally, The main purpose of the present research is to use an FBG strain sensor to automatically detect damage in a stitched laminate "system" and then to quantify the damage with a non-destructive inspection. The specimen models are manufactured with the vacuum-assisted resin transfer moulding technique using fully stitched unidirectional carbon preforms. The primary focus of this report is to summarize the qualitative empirical investigations of selectively stitched 6 × 6 Vectran HT panels using a numerical analysis scenario of the FBG placement. The results of a tensile static test on the selectively stitched panels are compared with the damage quantification and growth as measured using a non-destructive test, specifically, an ultrasound c-scan. The paper is organized as follows: Section 2 discusses the general material design concepts; Section 3 introduces the methodology of the numerical approach; Section 4 presents the empirical approach in the static case; Section 5 presents the non destructive inspection, and Section 6 presents the conclusions.
General Material Design Concepts
One of the outstanding features of composite structures is their ability to be tailored, through cross-plying, to match individual loading or stiffness requirements. Therefore, it follows that many types of different cross-plied laminates are likely to be encountered in different applications. Each of these laminates is unique in its properties and characteristics and, hence, must be distinctly identified whenever it is to be associated with specific quantitative or numerical data. A laminate ply and orientation code has been defined very well in laminate theory. After the selection of the fiber/matrix material, the design process concentrates on the lamination rationale: for a particular cross-section of the structure, how many plies are required and what are their angular orientations and what is the stacking sequence? Some have proposed that a standard quasi-isotropic (0/±45/90) laminate be used in the majority of structures, but this approach diminishes the primary advantage of advanced composites: their highly specific directional properties. There exists no universal lamination geometry that effectively satisfies the variety of loading requirements. The lamination geometry must be determined based on the stress state (i.e., magnitude, direction, and combined biaxial and shear) and the strength and/or stiffness requirements to realize the potential structural efficiency of composites. The stiffness requirements may be based on laminate buckling (flexural), static structural deformation (in plane), or aeroelastic restraints, e.g., flutter. The degrees-of-freedom of both the material properties and the design restraints should be sufficient such that a systematic approach to determine the lamination geometry is possible.
In this research, the quasi-isotropic lay-up was selected because the FBG will be used to detect damage in a material system, and the FBG is expected to detect and quantify the total damage in the laminate with varying layer orientations. The FBG is also expected to fail adjacent to the location of the total laminate failure to obtain the spectrum behavioral relationship between the FBG reading and the mechanical behave or. The FBG placement is described in detail in Chapter 3.
Material and Specimen Preparation
The specimens were made using 20-ply quasi-isotropic [45/90/-45/0 2 /45/90 2 /-45/0] unidirectional carbon fiber T800SC-24K (Toray Industries) and stitched along the through-thickness direction with a stitch pitch (distance between two adjacent stitches in the same row) and stitch space (spacing between two adjacent stitch rows) of 6 mm. The laminate had the following mechanical properties: t σ = 1721 MPa, c σ = 1000 MPa, t τ = 105 MPa, t E = 132.66 GPa, c E = 12.06 GPa, tc G = 3.72 GPa, and tc ν = 0.36. The stitch material had the following mechanical properties: t E = 72 Gpa and tc ν = 0.3. The type of stitch used in this study is the modified lock stitch, made by Toyota, Inc., which avoids disruption to the laminate from any interior looping processes between the bobbin and needle threads; it is also easier to observe the interlock region between the needle and bobbin thread at the face of the laminate with this particular stitch. The fabrication of dry preforms involves the layup and selective stitching of fabric layers with Vectran HT threads by Kuraray Inc. A 400-denier Vectran HT Automatic Damage Detection and Monitoring of a Stitch Laminate System Using a Fiber Bragg Grating Strain Sensor
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OJCM 50 thread was selected for the stitching and for the bobbin. The selective stitching processwas done on a Toyota, Inc. machine with a working platform capable of handling up to 30-× 30-× 2-cm preforms. Bleeder plies were placed atthe center where two vacuum ports were to be located. A rectangular steel framecovered with a porous ply was inserted to keep the vacuum ports and the bleeder plies apart to avoid resin flow into the vacuum ports. Air weave breathers were used to cover the topside, and the entire as sembly was vacuum bagged with the edges sealed with a sealant tape. After attaching two vacuum lines, a leak test was performed, as shown in Figure 4 . After the stitching process, the resin transfer molding technique, at a curing temperature of 180˚C, was used to consolidate the composite. The resin used in this case is RTM6 made by Hexcel. An FBG was embedded in the interface between ply no.8 and ply no.9. This area was chosen because it will become almost closed in the case of total failure. The FBG had a grating span of 15 mm and was made using Fujikura Optical Fiber with Ø 125 µm.
Finite Element Modelling

Methodology
A finite element model of a stitch laminate was developed using the finite element code of ABAQUS. To determine the mechanical behavior accurately, including the interface load transfer between the stitch and the host/laminate, three-dimensional modelling was required, where the pair contact between the stitch to laminate was modelledrebar material. Finite element analyses of nonconventional laminate such as with additional throughthe-thickness stitching with a single fiber as the thread requires adequate methods to characterize the highly anisotropic behavior induced by cords in normal direction orientation embedded in a host material, laminate as shown in Figure 5 . A typical example of this class of structures is usually used in automobile tires analysis. Currently most numerical analyses of cord-reinforced composite materials are based on theories and techniques originally developed for laminated fibrous composites, with several arbitrarily oriented cords/threads and the host material being represented within one single finite element on the basis of an anisotropic constitutive law. An alternative computational approach on the basis of socalled rebar elements which previously has been successfully applied in computational mechanics of reinforced concrete structures in the context of the infinitesimal theory, see, e.g., Mang and Meschke (1991), turned out to be remarkably effective in finite strain analyses of cord-reinforced rubber composite material, e.g., Helnwein et al. (1993) . This technique completely circumvents the drawbacks associated with "averaging formulations" without significant additional computational efforts. In particular, it provides a mechanically proper description of the different constituents in the framework of large strain theories.
For the element modelling, the laminate was modelled using an 8-node quadrilateral in-plane continuum shell with hourglass control and multiple elements in the thickness direction, which improves the performance of the elements in bending. The stitching thread was modelled using 8-node linear bricks with hourglass control, which produced a more accurate representation of the curved surface. Symmetry was assumed along the length of the specimen model and the model thus was reduced to a half model to reduce the computational time. The analyses were performed with a tensile load applied to one end of the joint, which was free to move in the longitudinal (x) direction only (u y u z = 0). The opposite end of the joint had clamped boundary conditions (u x u y u z = 0).
Rebar-Elements; in General
Rebar elements [11, 12] may be characterized as "overlay" elements that represent one or more cord layers with arbitrary orientation in conjunction with corresponding elements representing the matrix material as shown in Figure 6 . The matrix element and the "overlay" element share the same nodal points. Therefore, no additional degrees of freedom are introduced. A recent paper by Helnwein et al. (1993) 
, ,
In the present context, the geometry of a rebar layer is approximated by a bilinear form defined in the isoparametric parent element, with the natural coordinates of the 
Numerical Results of the Laminate Theory
The stress distribution results within laminate based on the above theory can be seen in Figure 7 , while stress distribution within the stitch can be seen in Figure 8 . The Tsai-Hill failure criterion, an interactive maximum stress criterion, can be applied to the above results to determine which ply failed first. The Tsai-Hill failure criterion predicts failure when any one of the ultimate (yield) strength values exceeds the corresponding allowable stresses in a principal axes direction. Thus, to ensure a safe design, the following inequalities must be satisfied in both tension and compression. where the quantities X and Y are the tensile and compressive yield strengths of the material, respectively, and S is the corresponding shear strength. We may then draw the conclusion that the first failure occurred in Ply 2, the second failure in Ply 7, and the third failure in Ply 8. Therefore, the FBG was placed between Ply 8 and Ply 9 to acquire as much spectrum data as possible before the total failure of the specimen. 
Empirical Approach in the Static Case Experimental Procedure
Before conducting the test, the specimen was fabricated with the configuration shown in Figure 9 . The FBG was placed between Ply 8 (90˚) and Ply 9 (45˚) for reasons explained with the numerical scenario in the previous chapter. The position of the FBG in the micro-structure can seen in Figure 10 . During the static test, the FBG optical fiber was lit with a broadband light source (ASE FL7002, 1530 -1610 nm, Fiber Labs) using a Fujikara arc splicer fiber optic weld-join device. The power spectrum was measured from the reflected light in the FBG sensor, which was embedded inside the stitch laminate. The losses after the fiber optic joining were 0.00 dB, indicating a perfect joining result, as shown in Figure 11 . The spectrum reflection was measured using an optical spectrum analyzer (MS9710C, Anritsu Co.). The interrupt load test was also performed to gather data for comparison with non-destructive inspections that used a Cscan to determine the degree of damage. The interrupt test was used to simulate real conditions such that the loading-unloading conditions represented operatinggrounded conditions. This type of test can also determine the effects of changes in the load distribution and stress concentration during loading. Figure 12 presents the experimental arrangements. The tensile test was conducted using a universal testing machine (Instron 8802). The crosshead speed was 1 mm/min for the FBG and AE test profiling, up until the specimen experienced total failure; the crosshead speed on the interrupt load test was 0.5 mm/min to acquire more data. The span length of the tensile test was 160 mm. A non-contact strain sensor, an advanced video extensometer (AVE), was used to monitor the axial strain behavior on the stitch laminate specimen to clarify the accuracy of the universal testing machine. The spectrum reflection was continuously measured until the specimen broke. After that point, an interrupted test at a certain load interval was conducted to observe the damage growth with FBG interrogation under loaded and unloaded conditions. The specific load for the interrupted test was chosen based on the load-displacement curve and from the changes in the spectrum reflection, which indicated that damage had initialized. The loading-unloading condition 
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OJCM 54 was used to represent real conditions when the damage occurs in aircraft structures. The evolution of the shape of the reflected spectrum was observed using a spectrum analyzer, and damage was observed using an ultrasonic c-scan (Gsonic scan 6A × 600). Figure 13 shows the spectrum pattern from the FBG reading. The figures, reading from left to right, are as follows: the FBG spectrum in the original signal, the spectrum without the FBG, the evolution of the FBG spectrum when damage occurred, and the evolution of the spectrum when almost all the grating periods of the FBG are broken. When the last case occurs, the spectrum pattern converges to a spectrum pattern without the
FBG.
Figure14 shows the load versus strain combined with the hit versus strain. A hit is a result of a transient energy wave generated by damage growth inside the stitch laminate specimen in the acoustic emission test. Certain load positions that were chosen as the interrupt load based on significant spikes and multi-peaks in the power spectrum occurred, and Figure 15 indicates that the energy versus load graph and the hit versus load graph have the same trends and almost the same values. Thus, the AE test shows that determining if a value calculated from the energy wave generated by the damage growth and spectrum hit a prescribed threshold was correct. 
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55 Figure 16 shows the spectrum pattern evolution during the load run from the FBG reading in a tensile test up to the breakage of the specimen. The occurrence of multi-peaks or patterns that differ from the original indicate the occurrence of damage. The spectrum evolution has a constant pattern, especially in the power reflection value. The value has a tendency to decrease gradually until the failure of the stitch laminate specimen. We can take advantage of this pattern and use the highest peak in each spectrum as an indicator to make graphs and then determine the degradation of the strength of the material. We can then compare the result with a mechanical behavior graph. The above-mentioned pattern also consistently occurs in the interrupt load test, as shown in Figure 17 . The un-loading spectrum data is shown in Figure 18 . An example of interesting behavior is that the FBG broke at almost the same time as the stitch laminate specimen in unloading spectrum shape 6. In that spectrum, the spectrum pattern has the same shape as the spectrum without the FBG inside the fiber optic, indicating that the entire grating period was already broken. Figure 19 shows the simplification of the spectrum evolution during the profiling tensile test in graph form. The graph can be made by taking advantage of the consistency of the spectrum evolution during the test; it then depicts more clearly the decreasing tendency of the power spectrum based on the highest peak value during both the profiling data (until specimen failure) and the interrupt load test (small window in the graph). Figure 20 plots the mechanical loading and the power 
56 spectrum versus the strain. After the strain in the stitch laminate reaches approximately 0.92%, the graph of the spectrum evolution behavior has a gently sloping line, indicating that the grating period of the FBG is almost broken due to severe damage inside the stitch laminate.
On the other hand, the mechanical graph does not display the damage existence and growth, indicated by a straight lineup until the specimen fails completely. Figures 21 and 22 show the comparative behavior between the FBG reading and the acoustic emission reading. Both graphs feature lines with significant slopes, which is caused by fast damage growth. However, based on the spectrum observed during the test, the spectrum of the FBG was easier to use as damage indicator because only one spectrum was needed to interpret the damage initiation and the growth. On the other hand, in the acoustic emission reading, there were so many transient energy waves generated by the occurring damage growth that a detailed analysis was to interpret the correlation between the energy wave occurrance with damage behavior inside the specimen model. 
Non Destructive Inspection: Quantifying Damage
FBG strain sensors provide two data readouts in the spectrum analyzer: power reflection and wavelength. The wavelength equation has a linear relationship with the mechanical strain, as indicated by Equations (1) and (2). If the material or structure in which the FBG is embedded suffers damage that causes a non-linear mechanical strain response, Equations (1) and (2) cannot be used. However, if the response through the length of the FBG grating period is still uniform, the linear equations can still be used. The power reflection is used to measure whether the materials or structures have been damaged enough to cause the FBG grating length to become nonuniform. This measurement is marked by a multi-peak occurrence of the power reflection. Figure 23 shows the setting of the ultrasonic c-scan inspection for the quantification of damage after conducting a mechanical test. Special techniques and tuning procedures were applied for the ultrasonic inspection of the various specimens. As is commonly done, the distance Automatic Damage Detection and Monitoring of a Stitch Laminate System Using a Fiber Bragg Grating Strain Sensor
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between the transducer and the material (water path) was set at the end of the near field value of the transducer that was used (which is 25 mm) to avoid the fluctuation of the acoustic pressure that takes place in the near field zone. A steel plate, on which the specimens were placed, was used as a reflective plane to distinguish the back wall echo from any other echos. A linear Distance Amplitude Correction (DAC) curve was used to increase the ultrasonic signal amplitude, thus reducing the causes of the signal losses to factors such as scattering, absorption, etc. The gates were synchronized with the first echo from the specimen, and the detection threshold was adjusted to a value that was greater than 50% of the Full Screen Height (FSH), avoiding the generated noise echoes. Figures 24-29 show the ultrasonic c-scan results from the interrupt load test. Two projection views are provided in the right and on the bottom of the surface/main view to reflect the damage condition inside the stitch laminate specimen in detail. Theoretically, the damage will start in ply no.2, near the surface, but in this case, the damage clearly initiates at the location of the FBG. One of the reasons this occurs is that the FBG coating was not compatible with the resin used. Thus, it is important to determine another coating of FBG that is suitable with the resin used to prevent the FBG from creating an impurity in the material system. Therefore, the damage that starts in the area near the FBG placement will then develop in the weakest area near that location and start to grow in the area near surface, as shown in Figures 27-29 . Figure 30 overlays the damage quantification from the power reflection with the FBG reading and the load versus the percentage of damaged area. The graph demonstrates how the multi-peak power reflection occurrence quantifies the damage growth in the specimen model with tension loading. By noting the highest peak after the occurrence of the multi-peak power reflection, we can see a correlation between the multi-peak spectrum and damage growth. Conversely, a steep line on the graph indicated many damage sources in stitch laminate with producing many rich resin area around threads which creates a crack initiation as shown in Figure 30(b) . Figure 31 overlays the power reflection from FBG reading and the accumulative hit from the AE reading versus the percentage of the damaged area. In principal, both techniques can be used to detect and quantify damage, but the FBG technique is superior because only requires a single spectrum to characterize the damage, while AE depends on the test setting to determine the many spectrums that reacher the threshold set during the damage growth. Thus, different test settings may produce different results. 
Conclusions
The behavior of a stitch laminate has been demonstrated by numerical and empirical approaches, using FBG sensors and with additional comparisons with acoustic emission readings. The continuous monitoring of damage using FBG has also been demonstrated. Numerical and empirical approaches have become crucial to determine the proper placement of the FBG. As a result, the behavior of the model and its tendency to create damage must be understood before the fabrication of the specimen models in order to avoid misreadings.
We conclude that the FBG can detect initial damage and its subsequent growth properly, as proven by empirical data. The occurrence of damage to the specimen models can be characterized by the FBG by the occurrence of multiple peaks in the power reflection. The damage growth can be successfully quantified by FBG readings by knowing the decreasing trend of the highest peak during the occurrence of the multi-peak spectrum. It is also important to determine the coating material of the FBG optical fiber to avoid incompatibility with the resin used in the stitch laminate system during fabrication. Additionally, acoustic emission readings can be used to detect and quantify the damage, but FBG has the advantage in that its data involve only a single spectrum and are therefore simpler.
With the above-mentioned considerations, it is necessary to continue research on a proper coating of the FBG optical fiber and on various stitch densities in the laminate to enrich the available data. Accumulative Hit
